Construction workers are vulnerable to heat stress in summer as evidenced by deaths and injuries caused by heat stroke. Over the past centuries, many heat stress indices have been developed to assist with the management of these problems. To address this pressing need of the industry, an enhanced model based on a multi-dimensional environmental indicator, the Thermal Work Limit 
Introduction
Workers, soldiers, and travelers are often exposed to severe environmental heat stress, which may deteriorate work efficiency and productivity, and may even threaten survival (Kaming et al. 1997; Liu et al. 2003; Nielsen 2006; Rojas and Aramvareekul 2003) . It is expected that the physiological heat strain experienced by an individual is affected by the total heat stress exposed to. Many previous research studies have estimated the stress inflicted by a wide range of work conditions and climate, and estimated the corresponding physiological strain and to combine them into a single heat stress index (Epstein and Moran 2006) . A heat stress index is a single value that integrates the effects of the basic parameters in any human thermal environment such that its value varies with the thermal strain experienced by the individual (Parsons 2003) . Over 60 heat stress indices have been developed (Parsons 2003) since Houghton and Yaglou formulated the Effective M a n u s c r i p t
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not only vary throughout a shift with different tasks performed, but also be voluntarily altered by self-pacing workers (Brake and Bates 2002a) . Because of the above limitations, WBGT is considered as an excessively conservative index of environmental heat stress (Miller and Bates 2007) . New generation of heat stress indices that address the inadequacies of WBGT have emerged since the last decade.
The ideal heat stress index is one that is simple to determine, reliable and unambiguous in its output, and does not require specific knowledge for its interpretation. One such enhancement is the Thermal Work Limit (TWL) (Bates and Miller 2002) . Thermal Work Limit (TWL), included in the Australian Institute of Occupational Hygienists (AIOH) Heat Stress Standard, is a rational heat stress index (Brake 2004) . This index has become the de-facto standard in underground mines in Australia, probably the most adverse occupational setting for heat stress. It has been demonstrated that TWL is a more realistic and reliable index of heat stress than other available indices in a variety of sports and circumstances (Brake 2004; Miller and Bates 2007) . TWL is particularly suitable in situations where there is significant cooling related to air movement.TWL uses five environmental parameters (dry bulb, wet bulb and globe temperatures, wind speed and atmospheric pressure) and accommodates for the clothing factors to arrive at a prediction of a safe maximum continuously sustainable metabolic rate (W/m 2 ) for the conditions (Miller and Bates M a n u s c r i p t
TWL algorithm accurately predicts work rates that would be limiting under a given set of environmental conditions. Guidelines for TWL are proposed along with recommended interventions by Brake and Bates (2002b) reported to fall to death on a construction site because of heat stroke (Apple Daily 2010). However, unlike most developed countries (Moriokal et al. 2006; Townsend et al. 2011) , there is no legal recommendation concerning the human work limit under hot weather in Hong Kong (Hu et al. 2012) . One major reason may be the lack of empirical study showing the human work limit under heat and humid environment. Therefore, the aim of the current study was to develop a multi-dimensional environmental indicator (i.e., TWL) to predict the maximum work duration under different severity of heat stress. Submitted February 1, 2012; posted ahead of print October 20, 2012 . doi:10.1061 /(ASCE)ME.1943 Copyright 2012 by the American Society of Civil Engineers M a n u s c r i p t
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Methods and materials
Field studies were conducted during the summer time in Hong Kong (from July to September of 2010). Experimental research is a collection of research activities which use treatment and controlled testing to understand causal processes. In general, one or more variables are manipulated to determine their effect on a dependent variable (Experiment Resources 2008) .
Experiments are conducted at construction sites to determine relationships between identified variables by holding one, or a few variables constant and investigating the effect on the dependent variable of changing these independent variables. The main stages in experimental research are shown in Fig. 1 . Rebar workers aged between 20 and 60 years old were invited to participate in this study. They performed tasks of fixing and bending steel reinforcement bars until voluntary exhaustion. The physiological conditions of participants and environmental parameters of construction sites were measured and monitored. Exploratory factor analysis (EFA) was applied to identify the physiological factors of rebar workers. Multiple linear regression was employed to establish the heat stress model. The accuracy of the model is verified against data which has not been used in developing the model. The Mean Absolute Percentage Error (MAPE) and Theil's U inequality coefficients were used to evaluate the forecasting performance of the model. 
Target participants
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Ten apparently healthy and experienced construction rebar workers participated in this research study. Exclusion criteria included: flu in the week prior to participation, and a history of diagnosed major health problems including diabetes, hypertension, cardiovascular disease, neurological problem and regular medication intake. The physical characteristics of the participants were as follows (mean ± SE): age 39.0 ± 12.5 years old; height 169.2 ± 6.5 cm; weight 60.3 ± 6.2 kg;
percentage of body fat 12.3 ± 4.3%; resting heart rate 78.0 ± 10.5 beats per minute; diastolic blood pressure 80.0 ± 10.0 mmHg; systolic blood pressure 127.8 ± 10.8 mmHg. Participants were clearly informed of the purposes and the procedures of the study before starting any tests. Written consent was obtained from all participants prior to the study. Their participation was on a voluntary basis and participants could withdraw at any time without penalty. Data collected from the study was password-protected and kept centrally in a stand-alone server and was used for this study only.
The study was conducted according to the Declaration of Helsinki and the protocol was fully approved by the Research Committee of the authors' host institution.
Experimental procedures
Prior to the experiment, participants were asked to rest at room temperature of approximately 22°C for 15 minutes to stabilize their body temperature and heart rate. The minimum heart rate recorded during this period is considered as the resting heart rate (RHR). During this period, the testing procedures were fully explained to each participant. Whilst taking the rest, participants were requested to complete a pre-experiment individual data collection sheet which includes questions on age, height, smoking and alcohol drinking habits and other personal information. Submitted February 1, 2012; posted ahead of print October 20, 2012 . doi:10.1061 /(ASCE)ME.1943 Copyright 2012 by the American Society of Civil Engineers M a n u s c r i p t
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Smoking and alcohol drinking habits were recorded in three categories namely "none", "occasionally", and "usually" according to the amount of their weekly alcohol intake and daily cigarette consumption. Before the start of the test, participants were evaluated with measurement of body weight, percentage of body fat (PBF) and heart rate. Blood pressure was measured both before the field study and after the participants cooled down from work for 20 minutes. The physiological parameters of the participants were measured by the portable metabolic cart (K4b 2 , COSMED, Rome, Italy). Moreover, A heat stress monitor (QUESTempº 36, Australia) was deployed to measure the prevailing environmental data such as the dry bulb temperature, wet bulb temperature, globe temperature, relative humidity, and air velocity (wind speed) through an additional detachable air-probe.
(Please insert Figure 2 here)
During the experiment, participants performed steel bar bending and fixing tasks as per their usual daily work routine. Participants were permitted to drink water as they desired and necessary.
Without disturbing participants' normal operation, participants were asked to report on a RPE defined as the intensity of subjective effort, stress, or discomfort felt during physical activity, has been discerned to be a simple and valid method for regulating exercise intensity (Coquart et al. 2009; Foster et al. 2001; Zeni et al. 1996) . Perceived exertion was assessed with Borg CR10 Scale, a 10-point single-item scale with anchors ranging from 1 'very very easy' to 10 'maximal exertion' (Borg 1990) . Oxygen consumption (VO2), minute ventilation (MV), respiratory exchange ratio (RER), metabolic equivalent (MET), energy expenditure (EE), heart rate (HR) and a train of objective physiological parameters were continuously monitored and recorded in every 5 seconds.
Alongside with the measurement of physiological data, prevailing environmental parameters: dry bulb temperature, wet bulb temperature, globe temperature, wind speed were monitored and Copyright 2012 by the American Society of Civil Engineers M a n u s c r i p t
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Different stages of construction from foundation works to core structural works were studied to capture a wide spectrum of empirical data. Locations where the participants worked were recorded to ascertain the effects of heat stress under shade or direct sunlight. A total of 281 data sets of environmental and physiological data were captured in four construction sites over ten different working days. 271 sets of data were used to construct the heat stress model, and the remaining 10 sets were used for validation of the model developed.
TWL-heat stress model
Factors in the heat stress model
Heat incurred disorders accompanied with acute symptoms often appear at human physiological limits (Lu and Zhu 2007) . The RPE scale can be considered as a practical and cost-effective approach to quantify the physiological responses during exercise such as construction works. It has been reported that RPE is highly correlated with many physiological factors such as heart rate, ventilation, respiratory rate, oxygen uptake, hydration status and fatigue in undertaking the work activity; work-related factors such as type of exercise and time; personal factors such as age, resting heart rate, percentage of body fat, clothing and drinking/smoking habits; as well as 
Descriptive statistics of physiological parameters
Objective physiological parameters such as VO2, MV, RER, MET, EE, HR were monitored in every 5 seconds. All analyses examining the six-subtest configuration were conducted using the correlation matrix shown in Table 2 .
(Please insert Table 2 here)
Exploratory factor analysis (EFA) on physiological parameters
Exploratory factor analysis is a statistical grouping technique, and is widely used in social sciences (Hon et al. 2012; Hutcheson and Sofroniou 1999) . This method combines variables that are collinear into clusters. This reduces the data set to a more manageable size while retaining as much as possible of the original information of the predictor variables (Norusis 2008) . In this study, EFA technique was used to identify the physiological factors (underlying cluster of The appropriateness of the factor model was evaluated before using factor analysis in this study.
The sampling adequacy using the Kaiser-Meyer-Olkin (KMO) value and the Barlett's Test of Sphericity were used to test out the appropriateness (Norusis 1993 were computed which implied that factor analysis was appropriate for the factor model (Sun et al. 2009 ). Both the eigenvalue criterion (according to which one drops any factors with an eigenvalue of less than one) and the scree plot criterion indicated the existence of two major latent structures (factors) as the best solution for explaining the variability in the data. Table 3 manifests that 82% of the total variance is attributable to two underlying factors. Therefore, physiological factor with two factors is considered adequate to represent the original data set.
To identify the factors, it is necessary to group the variables that have large loadings for the same factors (Kim and Mueller 1978) . In fact, factor analysis does not attach labels to the factors and Rate (RER) were considered as appropriate labels for these two underlying factors, which are described in Table 3 . The two underlying physiological factors were found to be in the range of -1 to 5 in this study. Therefore the level of workload is classified into three broad categories: light (EC = 0; RER = 0), moderate (EC = 2; RER = 2) and heavy (EC = 4; RER = 4) as advocated by Yeunga et al. (2005) . Exchange Rate (RER), and Job Nature (JN)]. Since the rebar workers were allowed to have water intake as they desired and necessary, their hydration level was not included as a variable in this study (Nolte et al. 2011; Wilk et al. 2010) . SH, ADH, JN are considered as dummy variables for qualitative facts in this regression model. Dummy variables are widely used as devices to sort data into mutually exclusive categories (Draper and Smith 1997) . 
(Please insert
Regression results
Multiple stepwise regression analysis generates a linear equation that predicts a dependent variable as a function of several independent variables. Relationships between RPE and factors of physiological status were established by using the stepwise addition and deletion regression technique. The results of regressions on the single dependent variable RPE and the eleven independent variables were presented in Table 4 . A multiple regression equation ( where TWL is thermal work limit (W/m2); T is work duration (hour); API is air pollution index; A is age; PBF is percentage of body fat (%); RHR is resting heart rate; ADH is alcohol drinking habit ("none"= 0, "occasionally"= 1, "usually"= 2), SH is smoking habit ("none"= 0, "occasionally"= 1, "usually"= 2); EC is energy consumption; and RER is respiratory exchange rate.
(Please insert Table 4 here) 1943-5479.0000162 Copyright 2012 by the American Society of Civil Engineers M a n u s c r i p t
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Model validation
Model validation is an important step when developing a model, especially when dealing with multiple parameters. Validating and analyzing cases that get further from the database created is necessary and provide good answers of the accuracy of the model when it deals with completely different cases than the ones originally studied. The TWL-heat stress model was validated against data collected under the same experimental procedures but was not used in the construction of the model. habit, respiratory exchange ratio, and energy consumption, but decreases with percentage of body fat, resting heart rate, and TWL.
The interrelations between morphological components and temperature regulation are complex. (1974) where they found that in the warmest environment (32.2 °C), lean subjects had higher rectal temperatures and greater changes in rectal temperatures during exercise than those of heavy subjects. In an experiment set up to quantify the relative influence of fitness, acclimatization, gender and anthropometric measures on physiological responses to heat stress, Havenith and Middendorp (1990) found that the PBF and the surface to mass ratio had relatively the largest influence of all the individual parameters for the variance in heat storage.
The relative importance of factors in predicting RPE can be seen in Table 5 . Standardization of the coefficients is usually done to answer the question of which of the independent variables have a greater effect on the dependent variable in a multiple regression analysis, when the variables are measured in different units of measurement (Schroeder et al. 1986 ). Alcohol drinking habit, age, and work duration are the three most important predictors to determine the physiological responses of construction workers. However, it is stressed that these relative rankings should be interpreted with caution as they represent the resultant effect of a multiple regression model. Therefore, these variables should be interpreted collectively rather than individually. Eq. (2) where TWL is thermal work limit (W/m 2 ); HTT is heat tolerance time (min); API is air pollution index; A is age; PBF is percentage of body fat (%); RHR is resting heart rate; ADH is alcohol drinking habit ("none"= 0, "occasionally"= 1, "usually"= 2), SH is smoking habit ("none"= 0,
"occasionally"= 1, "usually"= 2); EC is energy consumption ("light"= 0, "moderate"= 2,
"heavy"= 4); and RER is respiratory exchange rate ("light"= 0, "moderate"= 2, "heavy"= 4).
(Please insert Table 6 Brake and Bates (2002b), which is better able to safeguard workers' health and safety of site personnel working in hot weather and at the same time to ensure optimal labor productivity.
Strengths and limitations of the study
Construction management research, unlike other well defined and established disciplines, is very often being criticized of having an inappropriate research design and adopting an improper methodology. It is generally acknowledged that there is no best way of data collection (National Academy of Sciences 2008). This study illustrates how experimentation can be designed and applied in construction management research. Although the current study is limited in sample size, further research work with enlarged sample size should be launched to verify the current findings.
Conclusions
Workers in different industries may have different degrees of susceptibility to heat stress. An industry-specific study would better reflect the real situation. Since this study is addressed where TWL is thermal work limit (W/m 2 ); T is work duration (hour); API is air pollution index; A is age; PBF is percentage of body fat (%); RHR is resting heart rate; ADH is alcohol drinking habit ("none"= 0, "occasionally"= 1, "usually"= 2), SH is smoking habit ("none"= 0, "occasionally"= 1, "usually"= 2); EC is energy consumption ("light"= 0, "moderate"= 2, "heavy"= 4); and RER is respiratory exchange rate ("light"= 0, "moderate"= 2, "heavy"= 4). Submitted February 1, 2012; posted ahead of print October 20, 2012 . doi:10.1061 /(ASCE)ME.1943 Copyright 2012 by the American Society of Civil Engineers Accepted Manuscript Not Copyedited
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